Aims/hypothesis The objective of this study was to use Scottish national data to assess the influence of type 2 diabetes on (1) survival (overall and cause-specific) in multiple time intervals after diagnosis of colorectal cancer and (2) cause of death. Methods Data from the Scottish Cancer Registry were linked to data from a population-based national diabetes register. All people in Scotland diagnosed with nonmetastatic cancer of the colon or rectum in 2000-2007 were included. The effect of pre-existing type 2 diabetes on survival over four discrete time intervals (<1, 1-2, 3-5 and >5 years) after cancer diagnosis was assessed by Cox regression. Cumulative incidence functions were calculated representing the respective probabilities of death from the competing causes of colorectal cancer, cardiovascular disease, other cancers and any other cause. Results Data were available for 19,505 people with colon or rectal cancer (1,957 with pre-existing diabetes). Causespecific mortality analyses identified a stronger association between diabetes and cardiovascular disease mortality than that between diabetes and cancer mortality. Beyond 5 years after colon cancer diagnosis, diabetes was associated with a detrimental effect on all-cause mortality after adjustment 
Introduction
Diabetes mellitus is a common chronic disease associated with increased incidence of cancer at various sites (including colon and rectum) compared with general or nondiabetic populations [1] [2] [3] [4] . Pre-existing diabetes at cancer diagnosis is also associated with poorer overall survival in patients with colorectal cancer (CRC) [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, investigation of cause-specific mortality in this context has been limited, and findings have been mixed. Three studies report a relationship between diabetes and increased CRC mortality [11] [12] [13] , although, in one of these [13] , increased CRC mortality was observed in people with diabetes who were diagnosed with rectal cancer but not in those with colon cancer. Two further investigations found no significant effect of diabetes on CRC-specific mortality [8, 10] . The mixed evidence for an effect of diabetes on death specifically from CRC suggests that the observed poorer overall survival may reflect an increased hazard of death from other causes. Diabetes is associated with increased mortality from cardiovascular disease (CVD) in many populations, but only one previous study [12] appears to have investigated associations between pre-existing diabetes and survival after CRC when death from CVD is defined as the endpoint. This study reported a significant relationship between pre-existing type 2 diabetes mellitus and higher CVD mortality. A recent review evaluating the impact of diabetes on mortality in patients with cancer [14] identified the potential for death from competing causes as one of nine key points on the pathway from cancer to death at which the influence of diabetes may be obscured by confounding. This review recommended that studies assessing the influence of diabetes on long-term mortality should capture deaths from causes other than cancer, and perform competing risk survival analyses. The study reported here conforms with these recommendations. The main objective was to investigate whether pre-existing type 2 diabetes in patients with cancer of the colon or rectum was associated with the probability of death from four general causes (CRC itself, CVD, other cancers, and any remaining cause), while recognising the mutually exclusive nature of these competing mortality risks. A second objective was to assess whether preexisting type 2 diabetes in people diagnosed with cancer of the colon or rectum was associated with altered overall survival (relative to that of individuals without diabetes) in a number of discrete time intervals after cancer was detected.
Methods
Data sources Data for all people diagnosed with either cancer of the colon (International Classification of Diseases-Tenth Revision [ICD10; www.who.int/ classifications/icd/en/] codes C18 and C19) or rectal cancer (ICD10 code C20) in Scotland during 2000-2007 were provided by the Scottish Cancer Registry [15] . Although dictated largely by the availability of data, this period is analytically convenient in that it broadly pre-dates the introduction of national bowel cancer screening in Scotland (implemented from June 2007 onwards), which could (by earlier detection of CRC) potentially affect survival. For each individual, data were limited to the chronologically earliest tumour: the date of cancer diagnosis for a person with multiple tumours at the affected site (colon or rectum) was that on which the first tumour was observed. Patients were followed-up until the earlier of date of death or 31 December 2010. Information on cancer treatment was provided by three dichotomous indicators marking receipt of surgery, radiotherapy or chemotherapy. The socioeconomic status (SES) of patients was represented by the Scottish Index of Multiple Deprivation (SIMD). This is a smallarea-based measure which combines 31 individual indicators across seven conceptual domains: income, employment, health, education, housing, geographic access and crime [16] . For the purposes of this study, SIMD scores were expressed as quintiles, the first and fifth quintiles corresponding to the least and most deprived groups in the population, respectively. Diabetes status was identified using a 2008 extract of the Scottish Care InformationDiabetes Collaboration (SCI-DC) dataset [17] . This resource has developed over time and, by 2007, held clinical and demographic data on more than 99% of patients with diabetes in Scotland. Data from SCI-DC were linked to the cancer registration records by the Information Services Division of NHS National Services Scotland (NSS). The linked dataset served to classify patients with CRC according to whether they did or did not have comorbid type 2 diabetes when cancer was detected. Cancer registration records were linked to death certificate information held by National Records of Scotland. Scottish death records make provision for a primary ('underlying') cause of death and for up to ten secondary causes, with coding based on ICD rules for identifying underlying cause of death from conditions recorded on the death certificate [18] . In practice, where both cancer and CVD are mentioned in part I of the death certificate, then the condition mentioned first will be identified as the underlying cause of death. Approval to create the pseudonymised linked research database was obtained from the Scottish multicentre research ethics committee, Caldicott Guardians of all Health Boards in Scotland, and the Privacy Advisory Committee of NSS.
Statistical analysis For each cancer site, a Cox regression model was fitted in which survival time was initially predicted by age at cancer diagnosis, and by the presence/absence of pre-existing type 2 diabetes. A separate model was fitted for each sex. This stratification by sex was motivated by the higher prevalence of diabetes and CVD in men, and by higher CRC incidence in men than in women. The initial model was successively refitted with the incremental inclusion of additional predictors: SES (SIMD quintile); cancer stage at diagnosis; and the cancer treatment markers. For colon cancer, the latter were restricted to indicators representing receipt of surgery and chemotherapy, because radiotherapy is little used in the management of primary colon cancer. For rectal cancer, markers for all three treatment regimens were admitted to the model. The models that featured the treatment markers included both main effects and two-way interactions (e.g. surgery with chemotherapy), to represent the effects of treatment combinations. Information on stage at diagnosis (Dukes' system, stages A to D) was missing for 19.0% of men (20.1% of women) with colon cancer, and for 25.8% of men (31.8% of women) with cancer of the rectum. These patients were excluded from all analyses. Addition of the treatment indicators was only possible for a subgroup, because these markers were not available for all patients. In all models, the binary indicator of diabetes status yielded an estimate of the HR associated with comorbid type 2 diabetes. Patients with diabetes diagnosed subsequent to cancer during the follow-up period were excluded from analysis. This applied to 209 of 1,086 men (19.2%) with colon cancer and type 2 diabetes, 89 of 385 men (23.1%) with rectal cancer and type 2 diabetes, 124 of 774 women (16.0%) with colon cancer and type 2 diabetes, and 36 of 170 women (21.2%) with rectal cancer and type 2 diabetes. Patients with type 1 diabetes that preceded cancer were also excluded from analysis. The validity of the proportional hazards assumption was checked by adding to each initial model (i.e. that adjusted for age only) a term representing the interaction of diabetes status with time. For the colon cancer models, this returned p=0.004 for men and p<0.001 for women, indicating that the assumption of proportional hazards for the effect of diabetes was questionable for both sexes. To reflect the non-constant effect of preexisting diabetes over time, interaction terms were defined to represent the effect of type 2 diabetes in the following discrete time periods after diagnosis with cancer: 0-1 year; >1-2 years; >2-5 years; and beyond 5 years. Models were successively refitted with each period defined as the reference interval, permitting the main effect of diabetes within that period after cancer diagnosis to be investigated. The assumption of proportional hazards was not violated for the rectal cancer models, the interaction of diabetes with survival time returning p=0.290 for men and p=0.874 for women. However, in the interests of applying a common analytical approach, the method described for colon cancer was also used for the rectal cancer analyses. For both sites, visual inspection of log(−log[survival]) plots confirmed that the proportional hazard assumption was reasonable within each time window. Modelling was performed using the PHREG procedure in SAS (Version 9.3; SAS Institute Inc., Cary, NC, USA). Patients with metastatic disease (Dukes' stage D) were included in the main analysis, and a sensitivity analysis was conducted by refitting all models after exclusion of patients with metastatic cancer at diagnosis.
To provide insight into how the influence of type 2 diabetes on cause of death behaved over time, cumulative incidence functions (CIFs) [19, 20] were generated to represent the respective probabilities of death from CRC, CVD, any other cancer, and all other causes combined. Cause of death was established solely from the primary cause recorded in death certificates. Following the approach taken by an earlier study [13] , the CRC mortality outcome included deaths from either colon or rectal cancer. Defining CRC mortality in this way was intended to offset any effects of misclassification of cause of death (i.e. rectal cancer being recorded as the underlying cause in people dying from colon cancer and vice versa). CVD deaths comprised those in which the primary cause of death was ischaemic heart disease (ICD10 codes I20 to I25, I46) or cerebrovascular disease (ICD10 codes I60 to I69). For each cause of death, equivalence of CIFs between those with and without diabetes was assessed using the test devised by Gray [21] , which evaluates the null hypothesis that CIFs for a specific event type are identical across multiple groups. All analyses relating to CIFs were performed using the R software package 'cmprsk'. Table 1 presents survival status, demographic and clinical characteristics for people with colon cancer, by diabetes status. In men with colon cancer who died during the follow-up period, CRC was the dominant cause of death and other cancers the second most common cause in both groups. In women with colon cancer, other cancers was the second most common cause of death in those without diabetes, while CVD was the second most common cause of death in the diabetes group. For both sexes, the proportions of deaths from CVD were appreciably higher in those with pre-existing diabetes than in those with no diabetes. People with pre-existing type 2 diabetes were more deprived, and older when cancer was diagnosed, than those without diabetes. For men, cancer stage at diagnosis was very similar regardless of diabetes status; women with type 2 diabetes were less likely to have metastatic disease at diagnosis than women without diabetes. Differences in cancer treatment were also evident: for both sexes, those with type 2 diabetes were less likely to have received chemotherapy. Table 2 presents estimated HRs representing the effect of comorbid type 2 diabetes on overall survival in patients with colon cancer within each time period. Estimates are given for all models in the series, increasing in complexity from one including only age and diabetes status as predictors through successively fuller models. The sequential addition of SES and subsequently of cancer stage resulted in relatively little change to estimates (relative to a model adjusted for age only). In men, pre-existing diabetes was associated with significantly poorer survival (increased HR) in the period beyond 5 years after diagnosis, and with a marginally significant survival deficit in the interval >2-5 years after diagnosis. Broadly similar effects were observed in women with colon cancer. For both sexes, inclusion of the treatment variables had little effect on the estimated influence of diabetes. As explained above, complete treatment data were available for only a subset of patients; people with and without nonmissing treatment data are compared (for both cancer sites) in electronic supplementary material (ESM) Table 1 . A sensitivity analysis based on exclusion of patients with metastatic colon cancer (ESM Table 2 ) did not materially affect the HR estimates. Table 3 presents summary characteristics for patients with rectal cancer. In people with rectal cancer, CRC was again the most common cause of death for both sexes and both diabetes groups, and the proportions of deaths from CVD were again higher in those with pre-existing diabetes. Differences in the distribution of SES and in age at cancer diagnosis by diabetes status were evident, those with type 2 diabetes being more deprived and older. As was observed for colon cancer, receipt of chemotherapy was less prevalent in people with type 2 diabetes. Table 4 gives HRs representing the effect of pre-existing type 2 diabetes on survival in patients with cancer of the rectum. Pre-existing diabetes was generally not associated with significantly altered mortality risk for either sex in any time period. As for cancer of the colon, the estimated influence of diabetes on survival was little affected by the introduction of the treatment variables or by the exclusion of individuals with metastatic cancer (ESM Table 3 ). CIFs for cause-specific death are shown in Fig. 1a-d (men, colon cancer) and Fig. 2a-d (women, colon cancer) . Corresponding figures for men and women with rectal cancer exhibit similar patterns (ESM Figs 1a-d and 2a-d) . The results from Gray's tests of homogeneity of CIFs (Table 5) indicated that, for both sites and both sexes, pre-existing type 2 diabetes was associated with a highly significant (p<0.01) difference in the cumulative incidence of death from CVD, and a significant or marginally significant difference in the cumulative incidence of death from other causes (non-cancer, non-CVD; p values ranging from <0.01 to 0.06). The figures indicate that, for CVD and other causes of death (non-CVD, non-cancer), type 2 diabetes is associated with a poorer survival experience. For death from colorectal cancer and from other cancers, there is insufficient evidence from these data to conclude that the cumulative incidence of death from CRC or from other cancers differs between diabetes groups.
Results

Discussion
This study extends current knowledge of the previously observed excess risk of all-cause mortality in patients with CRC who have pre-existing type 2 diabetes in two respects. First, we have assessed the effect of type 2 diabetes on overall survival in people with cancer of the colon or rectum over multiple discrete time periods after cancer diagnosis. This is in contrast with many previous investigations in this area, which have mostly calculated single estimates of cumulative relative risk over the follow-up period. Consequently, these investigations have been restricted in their ability to determine how the influence of diabetes on survival behaves over time. Second, we have examined the influence of type 2 diabetes on cause-specific mortality using a wider range of mortality outcomes than has generally been represented in previous studies. Hitherto, investigations assessing the impact of diabetes on survival in people with CRC have generally considered cancerspecific mortality and either overall mortality or mortality from all causes except CRC [8, 10, 11, 13] concentration on a limited range of mortality outcomes is a limitation of previous research, which is highlighted in the 'framework' paper of Renehan et al [14] . One notable exception [12] examined all-cause mortality, CRC-specific mortality and death from CVD. However, the authors of that study acknowledged that it was limited by the self-reported nature of patients' type 2 diabetes status. To our knowledge, the four-way cause-of-death classification used in the present study has not featured before in any study examining the influence of diabetes on survival in patients with CRC. We observed a significant overall survival deficit associated with type 2 diabetes in people with cancer of the colon more than 5 years after cancer diagnosis, and a marginally significant elevation of hazard in the period >2-5 years after diagnosis. In the case of rectal cancer, we found no significant effect of diabetes in any time interval. The latter finding differs from that of a recent study in the Netherlands [13] , which found an increased risk of all-cause mortality in diabetic patients with cancer of either colon or rectum. However, our findings with respect to overall survival are not directly comparable with those obtained in earlier studies because of our approach of estimating the effect of diabetes separately for multiple time periods (although there may also be true differences between populations which would require further investigation).
Turning to cause-specific mortality, the limited earlier work assessing the effect of diabetes on survival when death from CRC itself is defined as the endpoint has produced mixed results. One study that was restricted to cancer of the colon [11] observed a significant detrimental effect of diabetes on colon cancer-specific survival. A second investigation (which combined cancers of the colon and rectum) found a marginally significant influence of diabetes on CRC-specific survival [12] , while the Dutch study that treated the two sites separately found that diabetes at the time of cancer diagnosis was associated with an increased risk of CRC mortality in people with cancer of the rectum but not of the colon [13] . Two further studies [8, 10] detected no significant effect, but one of these [10] was based on only about 1,200 patients (97 with comorbid diabetes) and thus possibly had limited power to detect modest effects. Results from the present study accord with those from the two latter investigations: examination of the CIFs and formal testing suggest that the probability of CRC death (the dominant cause of death in this population) in people with cancer of either the colon or rectum is largely unrelated to pre-existing type 2 diabetes at the point of cancer diagnosis. For CVD-specific mortality, the only study to consider this outcome [12] found that type 2 diabetes was linked to an approximately twofold increase in risk of CVD-specific mortality. This investigation combined cancers of the colon and rectum. The CIFs generated in the present study are consistent with elevated CVD death risk among people with type 2 diabetes and cancer at either site, which increases over time compared with a population with these cancers but not type 2 diabetes. However, we found that other causes of death (non-CVD and non-cancer) also contribute to the poorer overall survival observed in patients with CRC who have pre-existing type 2 diabetes.
One strength of the present study is its use of wholepopulation data rather than selected subgroups, e.g. hospital patients. Apart from providing a large sample, this eliminates a number of sources of potential bias. A second strength is availability of a reliable marker of diabetes status: SCI-DC provides a good indication of whether a cancer patient has clinically diagnosed diabetes. One further positive feature of the investigation is the adoption as an outcome of CIFs (which explicitly recognise the competing risks present when multiple, mutually exclusive endpoints are of interest).
We acknowledge a number of potential weaknesses in this study. Although secular trends in treatment may have occurred during the 8-year study period, the reported stability of survival of people with CRC in Scotland over the time interval 1998-2007 suggests that this is unlikely to have an important effect [22] . The violation of proportional hazards reported in this investigation (for colon cancer patients only) is rarely reported in studies of diabetes and cancer survival. This may reflect the effect of unobserved covariates rather than 'true' non-proportionality. The study of Dehal and colleagues [12] incorporated a number of plausible predictors (e.g. body mass index, intake of red meat) that were not available for this analysis, which may mean that our findings are subject to residual confounding. More generally, a complete model would ideally include additional predictors such as comorbidities in addition to diabetes status and tumour stage. The representation of cancer treatments used in this study (binary indicators of major treatment lines) is crude, and unable to capture treatment regimens such as preoperative administration of chemoradiotherapy in the treatment of T4 tumours. While clearly undesirable, this stems from fundamental limitations of the data available to us. In the same vein, a body of evidence suggests that treatments for diabetes have the potential to influence cancer risk, so, although examination of these effects was beyond the scope of this paper, this topic is worthy of future research.
A further possible limitation is that cause of death in the study was derived solely from the main or underlying cause recorded on death certification. This potentially affects classification of CVD deaths. Where both diabetes and CVD appear on a death certificate, international coding rules stipulate that the former should be specified as the underlying cause of death [18] . However, the number of patients with type 2 diabetes for whom the underlying cause of death is diabetes, and CVD appears as a secondary cause, is small (six of 73 'other-cause' deaths in men with type 2 diabetes and colon cancer; four of 27 deaths in men with rectal cancer; six of 61 deaths in women with colon cancer; and one of 11 deaths in women with rectal cancer). Consequently, this aspect of death coding practice is unlikely to have materially affected our findings with respect to cause-specific mortality.
In summary, this study was conducted on a considerably larger scale than previous investigations assessing links between diabetes and CRC-specific and CVD-specific survival. We found that pre-existing diabetes exerts little influence on CRC death, which accords with earlier findings [8, 10] . In addition, people who have type 2 diabetes at the point when cancer of the colon or rectum is detected experience poorer survival with respect to death from CVD than those who do not have type 2 diabetes at diagnosis of cancer. This specific detrimental influence of type 2 diabetes may partly explain the poorer overall survival that has been repeatedly observed in patients with CRC who have diabetes. However, our findings also indicate that the excess risk of death from other causes (non-cancer, non-CVD) contributes to the influence of type 2 diabetes on overall survival.
